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Tegotae-Based Control Produces Adaptive Inter- and Intra-limb Coordination in Bipedal Walking
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Despite the appealing concept of central pattern generator (CPG)-based control for bipedal walking robots, there is currently no systematic methodology for designing a CPG-based controller. To remedy this oversight, we attempted to apply the Tegotae approach, a Japanese concept describing how well a perceived reaction, i.e., sensory information, matches an expectation, i.e., an intended motor command, in designing localised controllers in the CPG-based bipedal walking model. To this end, we developed a Tegotae function that quantifies the Tegotae concept. This function allowed incorporating decentralised controllers into the proposed bipedal walking model systematically. We designed a two-dimensional bipedal walking model using Tegotae functions and subsequently implemented it in simulations to validate the proposed design scheme. We found that our model can walk on both flat and uneven terrains and confirmed that the application of the Tegotae functions in all joint controllers results in excellent adaptability to environmental changes.
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1. INTRODUCTION

The human body is capable of astoundingly adaptive and versatile locomotion when faced with real-world constraints. For robots to possess similar capabilities, their bodies must have comparable degrees of freedom (DOFs) more significant than those implemented in existing designs. Most previously developed centralised approaches to improving humanoid locomotion (Hirai et al., 1998; Sakagami et al., 2002; Hirukawa et al., 2004; Kaneko et al., 2004; Hirose and Ogawa, 2007), where one centralised controller regulates each DOF to continually track the desired trajectory of each point in the robot's body. However, this centralised approach is not suitable for systems with relatively large DOFs, leading to increased computational cost and reduced adaptability to unpredictable environmental changes.

Alternatively, autonomous decentralised control has received considerable attention because it offers the flexibility required for a robot with many DOFs to coordinate its movement successfully. In fact, animals deftly coordinate the many DOFs of their bodies using distributed neural networks called central pattern generators (CPGs), which are responsible for generating rhythmic movements, particularly locomotion (Shik et al., 1966; Grillner, 1975, 1985). Such knowledge about animal locomotion has been referenced by various researchers to incorporate artificial CPGs into legged robots for generating highly adaptive locomotion (Taga et al., 1991; Taga, 1994, 1995; Kimura et al., 1999, 2007; Fukuoka et al., 2003; Tsujita et al., 2003; Aoi and Tsuchiya, 2005, 2006; Buchli et al., 2006; Ijspeert, 2008; Righetti and Ijspeert, 2008).

CPG-based bipedal walking control originated in the pioneering work done by Taga et al. (1991) and Taga (1994, 1995). In these studies, sensory information from the environment was fed back to a nervous system model to generate walking from the interaction between the nervous system model, musculoskeletal model, and environment (“Global Entrainment”). Aoi and Tsuchiya (2005) and Aoi and Tsuchiya (2006) focused on “phase resetting” (Schomburg et al., 1998), a feedback mechanism found in animals, to add gait stabilisation in CPG-based control models. Furthermore, the feedback law based on phase resetting is suitable for musculoskeletal models (Aoi et al., 2010), which are more similar to humans. For generating stable motion in a bipedal robot through entrainment between a controller and robot motion, Morimoto et al. (2006) modelled the controller of the robot as an oscillator and the motion phase based on the position and velocity information of the centre of pressure (CoP) in the lateral direction of the robot, to achieve stepping and walking motions. Nassour et al. (2014) developed a two-layer CPG model for walking control in a humanoid robot: a rhythm generator layer and pattern formation layer (Rybak et al., 2006; McCrea and Rybak, 2008). They also attempted to generate non-periodic motions using neuron models that generate various signals such as periodic and non-periodic signals as components. Quadrupedal robots have been studied more intensively due to their dynamic stability and variety of walking patterns: Kimura et al. (1999) and Fukuoka et al. (2003) proposed a model integrating CPG and reflex mechanisms to realise uneven terrain walking; Tsujita et al. (2003) implemented the phase resetting in a quadrupedal walking model to actualise a stable walking pattern; Buchli et al. (2006) proposed an adaptive frequency oscillator that learns the motion frequency adaptively and verified the generation of gait according to the body characteristics; In addition, a model that employs load information as sensory information and generates adaptive and diverse walking patterns has been proposed thus far (Maufroy et al., 2010; Fukuoka et al., 2015; Owaki and Ishiguro, 2017). However, there is currently no systematic methodology for designing a CPG-based controller, as each CPG-based model has been custom-designed for a specific practical situation.

To address this oversight, we attempted to construct a CPG-based bipedal walking model with a localised joint-controller design based on the Tegotae approach (Owaki et al., 2017; Kano et al., 2019), which is a Japanese concept that focuses on how well a perceived reaction matches an expectation. We quantified the Tegotae concept by creating the Tegotae function, which is the quantified product of what a localised controller wants to achieve and its resulting reaction. The Tegotae function allows the systematic design of decentralised controllers with localised sensory feedback. The feedback scheme allows the operation of each localised controller based on consistency between the generated action and perceived reaction. Specifically, the Tegotae function increases in the case of consistency and decreases in the case of inconsistency. Here, we show how the Tegotae approach can be implemented in a decentralised control scheme for bipedal walking robots and validates the system by evaluating its adaptability to environmental changes.



2. BIPEDAL WALKING MODEL


2.1. Musculoskeletal Structure

To validate the Tegotae-based control scheme, we conducted simulations using a two-dimensional bipedal walking model. Figure 1A shows the musculoskeletal structure of the bipedal walking model, the movements of which were constrained in the sagittal plane for simplicity. The structure consists of 13 mass points (i.e., the trunk, waist, hip, knees, ankles, heels, metatarsals, and toes) and 14 rigid links that connect these mass points. For simplicity and ease of modelling the musculoskeletal system, we employed a model with masses located in the joints. The body parameters, e.g., link length, mass distribution, were set to approximately match the corresponding human body parameters in Ogihara and Yamazaki (2001). The model includes seven actuators at the waist, hip joints, knee joints, and ankle joints; each actuator was designed to generate joint torque based on proportional-derivative (PD) control, as explained in section 2.2. Passive springs and dampers have been integrated into the toe joints to passively generate an effective push-off force at the end of the stance phase. Based on human and animal locomotion research, that show the role of cutaneous receptors in the foot in controlling the gait (Nurse and Nigg, 1999, 2001; Dietz and Duysens, 2000; Duysens et al., 2000; Eils et al., 2002; Elis et al., 2004), we modelled plantar sensation by incorporating sensors to detect the vertical and horizontal ground reaction forces (GRFs) ([image: image] and [image: image], respectively) exerted at heel (x = h), metatarsal (x = m), and toe (x = t) points. Here, the suffix i denotes leg (i = 0: left and i = 1: right). In this study, the equations of motion were constructed as dynamics of mass points. For each mass point, the following forces were applied: force due to gravity, force applied by the links modelled with a rigid spring and damper, force applied by the actuators of each joint, and force applied by the passive spring and damper at toe joints. The details are described in the Supplementary Material.


[image: Figure 1]
FIGURE 1. (A) Musculoskeletal structure of the bipedal walking model. For simplicity and ease of modelling, the masses are located in the joints and movements constrained in the sagittal plane. The structure consists of 13 mass points (i.e., the trunk, waist, hip, knees, ankles, heels, metatarsals, and toes) and 14 rigid links that connect these mass points. The plantar sensation is modelled by incorporating sensors to detect the vertical and horizontal ground reaction forces (GRFs) ([image: image] and [image: image], respectively) exerted at heel (x = h), metatarsal (x = m), and toe (x = t) points on the feet. (B) Control system overview. The proposed control system for adaptive bipedal walking consists of four main components: (i) hip controllers, (ii) knee controllers, (iii) ankle controllers, and (iv) a posture controller.




2.2. Implementation of Tegotae Approach in a Systematic CPG-Based Control Scheme

The proposed control system for adaptive bipedal walking consists of four components (Figure 1B): (1) hip controllers, (2) knee controllers, (3) ankle controllers, and (4) a posture controller. The first three components utilise Tegotae functions to coordinate the inter- and intra-limb movements to enable adaptive walking, whereas the fourth component stabilises the upper body using the waist actuator and vestibular sensor.

The hip, knee, ankle, trunk joint torques τy, i in each ith leg (y indicates one of the joints) are generated by the PD control mechanism, which is dependent on the target angles determined by the hip, knee, ankle, and posture controllers. These torques are calculated as follows:
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where θy, i and [image: image] represent the actual and target angles, respectively, for Joint y in the ith leg, and Ky and Dy represent the proportional and derivative gains of the PD controller for Joint y, respectively. The hip, knee, and ankle joint controllers use the Tegotae function to modulate the target angles [image: image] or proportional gains Ky for adaptive walking. The parameters for PD gains are shown in Supplementary Tables 1, 2. The remaining section describes the Tegotae function and concept of Tegotae-based control, including a comprehensive explanation of each controller.


2.2.1. Tegotae Functions

As explained in section 1, Tegotae is a Japanese concept centred around the extent to which a generated action matches a perceived reaction. In robotics, it is the consistency between the intended motor command from a controller and received sensory information based on the motion generated by the controller. Thus, quantification of the Tegotae concept yielded a Tegotae function that can be described as the product of the (i) intended motor command of a controller f(x), where x denotes the control variable, and (ii) resulting sensory information g(S) obtained in the form of sensor values, S, as follows:

[image: image]

The Tegotae function was created such that the positive/negative values output by the function indicate consistency/inconsistency between the intended motor command and resulting sensory information.



2.2.2. Tegotae-Based Control

Using the Tegotae function T(x, S), we can modulate the localised control variable x as follows:

[image: image]

where the first term on the right represents the intrinsic dynamics of the localised controller, and second term represents the Tegotae-based localised sensory feedback for the control variable x. Using the sensory feedback determined by the partial differential form of the Tegotae function, the controller can modulate its control variable x such that it maximises the Tegotae-based consistency with the expectation. Thus, we can design a systematic control scheme for many components by creating Tegotae functions for each controller. We next describe the localised hip, knee, and ankle joint controllers with Tegotae function-based designs.




2.3. Design of Joint Controllers
 
2.3.1. Hip Control

The role of the hip joints in human gait is to generate rhythmic forward and backward leg-swinging movements (Perry and Burnfield, 2010). To enable such rhythmic movements, we incorporated phase oscillators as a component of the CPG-based model to generate the target angle for the hip actuators (Equation 1) as follows:

[image: image]

where C1, hip and C2, hip [rad], respectively, represent the amplitude and offset components of the hip target angle. When implementing the oscillator phases, legs are controlled to remain in the swing phase for 0 ≤ ϕi < π, and stance phase for π ≤ ϕi < 2π (Figure 2).


[image: Figure 2]
FIGURE 2. Generation of target angle in hip joint control: we incorporated a phase oscillator as a component of the CPG-based model to generate target angle for the corresponding hip actuator. The target angle is described by [image: image], where C1, hip, and C2, hip are amplitude and offset angles of the hip target angle, respectively. According to the equation, posterior and anterior extreme positions (PEP and AEP, respectively) of the target angle result in −C1, hip+C2, hip(ϕi = 0, 2π) and C1, hip+C2, hip(ϕi = π), respectively. Therefore, legs are controlled to be in the swing phase for 0 ≤ ϕi < π, and in the stance phase for π ≤ ϕi < 2π.


The dynamics of the phase oscillators with the localised Tegotae function-based sensory feedback can be described as follows:

[image: image]

where ω [rad/s] represents the intrinsic angular velocity of the oscillators. The Tegotae function for hip control has been defined as follows:

[image: image]

where σhip, 1 and σhip, 2 [rad/Ns] represent the feedback gains. The suffixes i and j denote the corresponding leg and other leg, respectively.

The first term on the right describes how the Tegotae function is applied in the case of sensory information for the corresponding leg (Figure 3A). The value of [image: image] is positive when the heel sensor on the corresponding leg detects a large vertical GRF ([image: image]) with the oscillator in the stance phase (π ≤ ϕi < 2π). Increasing this Tegotae term allows the leg to remain in the stance phase as it supports the body ([image: image]). In contrast, the value of ([image: image]) (sinϕi) is positive when the metatarsal and toe sensors on the corresponding leg detect a large vertical GRF ([image: image]) with the oscillator in the swing phase (0 ≤ ϕi < π). In this case, increasing the Tegotae term results in the leg transitioning from the stance to swing phase ([image: image]), propelling the body forward.


[image: Figure 3]
FIGURE 3. Illustrated definition of the Tegotae function for the hip controller. For rhythmic movements, we incorporated phase oscillators as a component of the CPG-based model to generate the target angle for the hip actuators (Equation 8). (A) Tegotae function for corresponding-leg sensory information. The value of [image: image] is positive when the heel sensor on the corresponding leg detects a large vertical GRF ([image: image]) with the oscillator in the stance phase (π ≤ ϕi < 2π). In contrast, the value of ([image: image]) (sinϕi) is positive when the metatarsal and toe sensors on the corresponding leg detect a large vertical GRF ([image: image]) with oscillator in the swing phase (0 ≤ ϕi < π). (B) Tegotae function for opposite-leg sensory information. The value of [image: image]) is positive when the heel sensor on the opposite leg detects a large vertical GRF ([image: image]), with the oscillator in the swing phase (0 ≤ ϕi < π). In contrast, the value of ([image: image]) (−sinϕi) is positive when the metatarsal and toe sensors on the opposite leg detect a large vertical GRF ([image: image]) with the oscillator in the stance phase (π ≤ ϕi < 2π). The white circles represent the corresponding oscillator phase ϕi. The orange and purple circles represent stable equilibrium points of Tegotae-based feedback, e.g., [image: image] for the top of (A) (the first term in Equation 9).


The second term describes how the Tegotae function is applied in the case of sensory information for the opposite leg (Figure 3B). The value of [image: image]) is positive when the heel sensor on the opposite leg detects a large vertical GRF ([image: image]), with the oscillator in the swing phase (0 ≤ ϕi < π). Increasing this Tegotae term allows the corresponding leg to remain in the swing phase as the opposite leg supports the body ([image: image]); this support allows the corresponding leg to complete the swing phase successfully. In contrast, the value of ([image: image]) (−sinϕi) is positive when the metatarsal and toe sensors on the opposite leg detect a large vertical GRF ([image: image]) with the oscillator in the stance phase (π ≤ ϕi < 2π). Under these conditions, an increase in the Tegotae term results in the corresponding leg initiating a smooth transition from the swing to stance phase ([image: image]). Here, we do not use any neural synaptic connections between the hip oscillators; previous studies achieved the desired rhythmic walking motion by manually setting the neural synaptic connectivity parameters in advance (e.g., Taga et al., 1991; Nassour et al., 2014). Implementation of the Tegotae-based localised feedback scheme described by Equation (8) allows the hip controllers to achieve interlimb coordination in the absence of any neural communication between oscillators.



2.3.2. Knee Control

The roles of a knee joint in human gait (Perry and Burnfield, 2010) are as follows: (1) support the body by increasing its stiffness in the stance phase (2) increase the effective flexion by reducing its stiffness in the swing phase. Thus, we established the control variable χi, representing the control command that increases/decreases the knee joint stiffness. To implement this stiffness control mechanism, we use χi to adjust the gain Kknee, i in the knee controllers, as follows:
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where C1, knee and C2, knee [Nm/rad] represent the variable range and offset value of the gain Kknee, i, respectively. We used tanh function to model continuous on/off-like function (scaled from −1.0 to 1.0) according to the control variable χi. In Equation (2), the target angle [image: image] for the knee controllers was set to 0 [rad]; this angle indicates the degree of knee extension and determines whether the stiffness should be increased/decreased to extend/flex the knee joint.

The dynamics of the control variable χi for the localised Tegotae function-based sensory feedback scheme can be described as follows:

[image: image]

where cknee represents the parameter related to its response time for the first-order dynamical model of the knee controller. The reason for choosing a first-order model was its simplicity (only one parameter cknee) and non-rhythmic behaviour, meaning that it stays at a equilibrium point (χi = 0) without feedback. The Tegotae function for knee control is defined as follows:

[image: image]
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where [image: image] and [image: image] [N] represent the sums of the vertical force sensor values corresponding to the heel, metatarsal, and toe joints of the corresponding and opposite legs, respectively. The parameters σknee, 1 and σknee, 2 [1/N] represent the feedback gains. The first term on the right represents the Tegotae function for the corresponding leg (Figure 4A). The value of [image: image] is positive when the foot sensors on the corresponding leg detect a large vertical GRF ([image: image]) and the control command for the knee is to increase the stiffness (i.e., χi > 0). Increasing this Tegotae term causes the knee stiffness to remain high to ensure that the body is supported ([image: image]). The second term represents the Tegotae function for the opposite leg (Figure 4B). The value of [image: image] is positive when the foot sensors on the opposite leg detect a large vertical GRF ([image: image]) and the control command for the knee is to decrease the stiffness (i.e., χi < 0). Increasing this Tegotae term ensures that the knee stiffness remains low to allow the knee to bend during the swing phase as the opposite leg supports the body ([image: image]); this state allows the corresponding leg to swing forward in the swing phase.


[image: Figure 4]
FIGURE 4. Illustrated definition of the Tegotae function for the knee controller. The control variable χi represents the control command that increases or decreases the knee joint stiffness (Equation 9). We use χi to adjust the P-gain Kknee, i in the knee controllers for the implementation of stiffness control mechanism, in Equation (10). [image: image] and [image: image] represent the sums of the vertical force sensor values corresponding to the heel, metatarsal, and toe joints of the corresponding (i) and opposite (j) legs, respectively. (A) Tegotae function for corresponding-leg sensory information. The value of [image: image] is positive when the foot sensors on the corresponding leg detect a large vertical GRF ([image: image]) and the control command for the knee is to increase the stiffness (i.e., χi > 0). (B) Tegotae function for opposite-leg sensory information. The value of [image: image] is positive when the foot sensors on the opposite leg detect a large vertical GRF ([image: image]) and the control command for the knee is to decrease the stiffness (i.e., χi < 0).




2.3.3. Ankle Control

The role of an ankle joint in human gait (Perry and Burnfield, 2010) is to generate the propulsive forces necessary for the leg to transition from the stance to swing phase while avoiding a collision between the foot and ground. Therefore, we established the control variable ψi for the ankle controllers, which represents the control command that increases or decreases the target angle of the ankle joints as follows:

[image: image]

where C1, ankle and C2, ankle [rad] represent the variable range and offset value of the ankle target angle, respectively. We used tanh function to model continuous on/off-like function (scaled from −1.0 to 1.0) according to the control variable ψi. A positive/negative value of ψi represents the plantar/dorsal flexion of an ankle joint.

The dynamics of the control variable ψi for the localised Tegotae function-based sensory feedback method can be described as follows:

[image: image]

where cankle represents the parameter related to its response time for the first-order dynamical model of the ankle controller. The Tegotae function for ankle control is defined as follows:
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where [image: image] [N] represents the sum of the horizontal force sensor values corresponding to the heel, metatarsal, and toe joints of the corresponding leg; Similarly, [image: image] [N] represents the sum of the vertical force sensor values corresponding to the opposite leg; The parameters σankle, 1 and σankle, 2 [1/N] represent the feedback gains. The first term on the right represents the Tegotae function for the corresponding leg (Figure 5A). The value of [image: image] is positive when the foot sensors on the corresponding leg detect a large horizontal GRF ([image: image]) and the command for the ankle is plantar flexion (i.e., ψi > 0). Increasing this Tegotae term results in stronger plantar flexion at the end of the stance phase ([image: image]), thus generating a larger propulsive force. The second term represents the Tegotae function for the opposite leg (Figure 5B). The value of [image: image] is positive when the foot sensors on the opposite leg detect a large vertical GRF ([image: image]) and the command for the ankle is dorsal flexion (ψi < 0). Increasing this Tegotae term allows the ankle joint controller to effectively generate the dorsal flexion strength necessary for ground clearance during the swing phase as the opposite leg supports the body ([image: image]).


[image: Figure 5]
FIGURE 5. Illustrated definition of the Tegotae function for the ankle controller. The control variable ψi represents the control command that increases or decreases the target angle of the ankle joints. We use ψi to adjust the target angle for the ankle controllers. [image: image] represents the sum of the horizontal force sensor values corresponding to the heel, metatarsal, and toe joints of the corresponding leg. [image: image] represents the sum of the vertical force sensor values corresponding to the opposite leg. (A) Tegotae function for corresponding-leg sensory information. The value of [image: image] is positive when the foot sensors on the corresponding leg detect a large horizontal GRF ([image: image]) and the command for the ankle is plantar flexion (i.e., ψi > 0). (B) Tegotae function for opposite-leg sensory information. The value of [image: image] is positive when the foot sensors on the opposite leg detect a large vertical GRF ([image: image]) and the command for the ankle is dorsal flexion (ψi < 0).


To reiterate, the dynamics of each of the joint controller designs can be described as follows:

[image: image]
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The advantage of implementing the Tegotae functions is that it allows us to systematically design controllers for various joint types for the robot to perform the target movements. Furthermore, we expect that the sensory information (i.e., GRFs) utilised by the Tegotae-based hip, knee, and ankle joint controllers will enable spontaneous and adaptive inter- and intra-limb coordination.



2.3.4. Postural Control for the Trunk

To prevent destabilising forward and backward upper-body movement, the trunk joint was designed to be controlled such that the angle [image: image] between the torso link and direction of gravitational acceleration, which is detected by the vestibular sensor, can be accurately represented by the fixed angle α (Figure 6), as described by the following equations:

[image: image]

[image: image]

where [image: image] represents the target angle for the PD controller at the trunk joint, and Ktrunk and Dtrunk are the proportional and derivative gains of the PD controller, respectively.


[image: Figure 6]
FIGURE 6. Postural control for the trunk joint. The trunk joint was designed to be controlled such that the angle [image: image] (angle between the torso link and direction of gravitational acceleration), which is detected by the vestibular sensor, can be accurately represented by the fixed angle α for preventing destabilising forward and backward upper-body movement.






3. SIMULATION RESULTS


3.1. Steady Walking

In this section, we present the results of the numerical simulations performed in this study to validate our proposed design scheme. We set the body and control parameters in our bipedal model as shown in Supplementary Table 2 (Supplementary Material). In this study, we derived the control parameters through the trial and error method. Figure 7A is a screenshot of the steady-walking simulation (Supplementary Movie 1), with Tegotae-based controls for the hip, knee, and ankle joints and posture control for the trunk joint. Figure 7B shows the body, trunk, and CoM (Center of Mass) trajectories during the steady walking. Figure 7C presents the steady-walking time-series data in Model 3 with PC for the angle of each joint (including trunk angle), target angles of the hip and ankle joints, knee joint gain, vertical and horizontal GRFs, generated torque at each joint, and stance phase duration. By adjusting the target angles of the hip and ankle joints and the knee gain based on Tegotae control, the appropriate timing and magnitude of torques were generated for steady walking. Furthermore, the time-series pattern reproduced in the model was remarkably similar to that of a human steady-state walking time series (Supplementary Figure 3), except for the trunk angle, demonstrating the ability of Tegotae control in extracting the essential aspects of human walking control. We also compared walking speed and Froude numbers with human and other robots in Supplementary Table 3 (Supplementary Material).


[image: Figure 7]
FIGURE 7. (A) Example of the model walking in steady-state (Model 3 with PC, Supplementary Movie 1). (B) Body, trunk (magenta), and CoM (Centre of Mass, red) trajectories during the steady walking. Pink lines represent the torso link that connects the body and trunk mass. (C) Time series data of the steady walking in Model 3 with PC. Left panels show the hip, knee, ankle, and trunk angle from top to bottom. The red and blue lines show the left and right legs, respectively. The dotted magenta (left leg), cyan (right leg), and light green (trunk) lines represent the target angle of the hip, ankle and trunk, and the knee gain that determined by Tegotae-based control. The centre panels show vertical (top, second) and horizontal (third, bottom) ground reaction forces (GRFs). The pink, magenta, and red coloured regions represent the vertical forces applied to the heel, metatarsals, and toe masses on the left leg. The sky blue, cyan, and blue coloured regions represent the horizontal forces applied to the heel, metatarsals, and toe masses on the right leg. The right panels represent the torque applied to the hip, knee, ankle, and trunk joints by the PD control. The red, blue, and green colour regions represent the left, right legs, and trunk, respectively. For the left and right panels, the pink and sky blue coloured regions represent the stance phase of the left and right legs, determined by the vertical GRFs ([image: image]), respectively.




3.2. Adaptability to Uneven Terrain

Here, we present examples of the simulated results that were subsequently analysed to evaluate the adaptability of the proposed model to environmental changes. To verify the adaptability, we modelled uneven terrains in the simulations by embedding circle obstacles into the ground, as shown in Figure 8A. Here, we again used Tegotae-based controls for the hip, knee, and ankle joints and posture control for the trunk joint. The radii of the circle obstacles and distances between the obstacles were randomly selected from values within the range of 10–50% of the body height of the model. The height of each obstacle was also randomly selected from values within the range of 0.5–2.0% of the body height. Figure 8B shows a screenshot of the uneven-terrain simulation. The results obtained via this simulation indicate that the Tegotae-based control scheme can be successfully implemented to allow a bipedal walking robot to adapt to environmental changes.


[image: Figure 8]
FIGURE 8. (A) Example of simulated environment used to verify model adaptability to uneven terrain. (B) Example of stick model completing five walking periods on uneven terrain (Model 3 with PC, Supplementary Movie 1).


To investigate the extent of the contributions of the joint controllers to the observed adaptability, we tested the adaptability of the walking model under the following conditions:

• Model 1: Tegotae-based knee controller (σknee, k≠0, σhip, k = σankle, k = 0)

• Model 2: Tegotae-based knee and ankle controllers (σknee, k, σankle, k≠0, σhip, k = 0)

• Model 3: Tegotae-based hip, knee, and ankle controllers (σhip, k, σknee, k, σankle, k≠0)

All the models include posture control. We simulated a test environment that consisted of 10 m of flat ground, followed by 20 m of uneven terrain (refer to the above-described method), and another 10 m of flat ground (Supplementary Movie 1). We verified the walking performance for 100 randomly generated uneven-terrain patterns. Figure 9A presents a comparison of the success rates of these three models for different oscillator angular velocities. We judged the success case as the condition in which the bipedal model successfully walked 40 m ground in total. These results indicated that Model 3 showed higher adaptability in a wide range of ω from low speed to high speed, whereas Model 2 and Model 3 showed almost the same adaptability on the uneven terrain in high speed walking (ω = 4.5 rad/s) (Figures 9A,B). However, for ω exceeding 4.5, the walking speed decreases along with the increase of ω. One possible reason is that the model used in this study cannot reproduce the running motion.


[image: Figure 9]
FIGURE 9. Adaptability on uneven terrain. We simulated test environments that consisted of 10 m of flat ground, followed by 20 m of uneven terrain, and another 10 m of flat ground (Supplementary Movie 1). We verified the walking performance for 100 randomly generated uneven-terrain patterns for each model (1,2,3) [with/without posture control (PC)], and for each control parameter. We judged the success case as the condition in which the bipedal model successfully walked 40 m ground. (A) Comparison of success rates for continuous walking on 100 uneven terrain patterns. All models included PC. (B) Effects of PC on adaptability. Model 3 with PC shows high environmental adaptability to a wide range of ω. Note that the same terrain patterns were applied in all cases.




3.3. Effects of Postural Control

To investigate the extent of the contribution of the posture controller to the observed adaptability, we conducted tests to evaluate the adaptability of the walking model with and without postural control explained in section 2.3.4. For the condition without postural control, we set the target angle of the trunk to be [image: image]. Figure 9B shows the effects of postural control on the adaptability of Models 1, 2, and 3. The results shown in this plot suggest that the posture controller implemented in this study can improve the adaptability of any bipedal walking model. Note that, under some of the simulated no-postural-control conditions (Supplementary Movie 2), particularly for Models 1 and 2, steady walking could not be achieved.



3.4. Effect of Control Parameters on Walking

Here, we verified the effect of the control parameters on walking performance (adaptability to environmental changes) when using the Tegotae-based control.

First, to verify the effect of the controller dynamics on walking, we tested cknee and cankle, which define the dynamics of the knee (Equation 12) and ankle control variables (Equation 17). Figure 10A shows the effect of cknee on the knee gain Kknee, i and walking adaptability (left), and the effect of cankle on the ankle target angle and adaptability (right). The results showed that (i) when cknee was 20 (reaction time is fast), the Tegotae feedback (the 2nd term of Equation 12) weakened relative to the first term, the gain Kknee, i was fastly modified toward 0 via −ckneeχi, which improves gait adaptability. When cknee was small (cknee=5), the effect of feedback was large and the gain Kknee was almost constant in higher value. (ii) When cankle was 5 (reaction time is slow), the target angle of the ankle joint changes significantly due to the effect of the Tegotae feedback term (the 2nd term in Equation 17), thus generating sufficient ankle joint torque and improving walking adaptability. When the cankle was large, the change in the target angle of the ankle joint was small, resulting in in-sufficient ankle joint torque. In sum, the first order equations exhibit non-rhythmic behaviour, where the control variable stays at an equilibrium point without feedback: the parameters cknee and cankle determine the strength of staying at the equilibrium point (χi = 0, ψi = 0).


[image: Figure 10]
FIGURE 10. (A): (Left) the effect of cknee on the knee gain Kknee, i, torque τknee, i, and walking adaptability. (Right) the effect of cankle on the ankle target angle [image: image], torque τankle, i, and adaptability. (B): (Left) the effect of C1, hip on the hip joint angle θhip, i, torque τhip, i, and adaptability. (Center) the effect of C1, knee on knee gain, torque τknee, i, and adaptability. (Right) the effect of C1, ankle on ankle joint angle θankle, i, torque τankle, i, and adaptability.


Next, we examined the effects of C1, hip, C1, knee, and C1, ankle, the parameters that set amplitude in Equations (7), (11), and (16), which determine the target angle [image: image] and gain Kknee, i of the PD control. The results are shown in Figure 10B; (i) Because C1, hip is a parameter that determines the amplitude of the target angle [image: image] of the hip joint, setting C1, hip to a large value increased the amplitude of the hip joint angle θhip, i (Figure 10B, lower left), resulting in an increase in gait stability; (ii) C1, knee is a parameter that sets the maximum value of the knee P-gain Kknee, i (middle of Figure 10B); changes in the upper limit of the P-gain Kknee, i resulted in an increase in the small oscillations of the knee joint, but there was no significant difference in adaptability; and (iii) C1, ankle is a parameter that determines the maximum amplitude of the target angle [image: image] of the ankle joint. Therefore, increasing this parameter increased the range of changes in the ankle joint θankle, i, but had a negative effect on walking adaptability. The reason for this may be that the larger the ankle joint change, the easier it is to trip during walking, leading to falls.



3.5. Stability Analysis

To numerically verify the stability of the walking motion generated by the Tegotae-based control, we plotted the phase diagram consisting of the trunk angle θtrunk and angular velocity [image: image]. For testing the adaptability to environmental changes, mentioned in section 3.2 (ω = 4.5 rad/s), we compared the gait that could (Figure 11A) and could not (Figure 11B) move over uneven terrain. The lower graphs of Figures 11A,B show the time evolution of the trunk angle θtrunk. In both cases (Figures 11A,B), the walking quickly converges from the initial state to the steady state (0 s to around 8 s). The red trajectories in the upper figures show the limit cycle trajectory from 8 s to the beginning of uneven terrain (pink area in the figure below), which is defined as the steady-state trajectories. The black border points in the phase diagrams indicate the minimum trunk angle ([image: image]) during each walking cycle. We defined this state (minimum angle θtrunnk and [image: image]) as the Poincaré section Σ (Nassour et al., 2014), then, we can confirm the convergence of the walking to the steady state from the transition process (bottom of Figures 11A,B).


[image: Figure 11]
FIGURE 11. Phase diagram of the trunk angle θtrunk and angular velocity [image: image] for the results of section 3.2. (A) Gait over uneven terrain. (B) Gait that could not move over uneven terrain. For A and B, the upper left and right panels show the period from initial to steady state and during uneven terrain walking. The colour legend for each panel indicate the time [s]. The red trajectories show the limit cycles from 8 s to the beginning of uneven terrain (pink area in the lower panels), which is defined as the steady-state trajectories. The black border points in the phase diagrams indicate the minimum trunk angle ([image: image]) during each walking cycle. We defined this point as the Poincaré section Σ (Nassour et al., 2014). We can then confirm the convergence of the walking to the steady state from the transition process. The lower graphs show the time evolution of the trunk angle θtrunk. The pink and grey area show the steady-state and period during uneven terrain walking, and the other areas show period during walking on flat terrain.


The grey areas in the lower figures of Figures 11A,B indicate the period during uneven terrain walking. The upper right figures in Figures 11A,B show the phase diagram during uneven terrain walking. In case A, the trajectory was disturbed by the uneven terrain, but the trajectory was within the basin of attraction of walking, so the biped model can continue to walk on the uneven terrain. In contrast, in case B, the trajectory goes out of the basin of attraction due to uneven terrain, making it impossible to converge to the limit cycle, and the model falls down. This analysis confirms existence of the basin of attraction in walking based on Tegotae control and the destabilisation that caused it to fall over when walking on uneven terrain.




4. DISCUSSION

In this paper, we proposed a systematic CPG-based control design scheme for bipedal walking robots based on the Japanese concept of Tegotae in Owaki et al. (2017) and Kano et al. (2019). To validate the proposed method, we designed hip, knee, and ankle joint controllers for a two-dimensional bipedal walking model. The results of dynamic simulations with the proposed bipedal walking model design have demonstrated that steady walking, stability, and spontaneous inter- and intra-limb coordination can be achieved. Furthermore, we found the model with three types of joint controllers to be highly adaptable to environmental changes during walking tasks. These findings imply that the systematic nature of the proposed control scheme can improve the motor function, i.e., adaptability, of bipedal walking robots.

We have previously shown the potential of the Tegotae approach in reproducing animals' locomotion and understanding the underlying mechanism based on the synthetic approaches. The Tegotae approach was first used by Owaki et al. (2017) to develop a minimal model for interlimb coordination on hexapod robot locomotion with CPG-based control, where all controllers were uniform for all elements. Kano et al. (2018) demonstrated gait transition between the concertina and scaffold-based locomotion on snake model simulation with reflex-like control, where all controllers were uniform, but generated non-rhythmic control signals. Kano et al. (2019) proposed detailed design of the Tegotae function, especially for motor command, using genetic algorithm (GA) to simulate a simple 1-D earthworm model with CPG-based control (uniform controllers for all elements). Compared to these approaches, here, we showed adaptive walking control on biped model with CPG and reflex-based control (non-uniform controllers, i.e., hip has CPG-based control, but the knee, and ankle have reflex-like controllers with no rhythmic signals). The novel attempts of this study can be summarised as follows: (i) First application of the Tegotae approach for the non-homogeneous system of animals' body, i.e., bipedal model with the hip, knee, and ankle joint, which need individual controllers for the generation of walking motion; (ii) combination between CPG-based rhythmic control for the hip joint and reflex-like non-rhythmic control for knee and ankle joints; finally, (iii) verification of adaptability against unknown environmental changes during bipedal walking.

The detail design guidelines of the Tegotae function for a local joint controller are as follows. The hips have periodic motions in which the swing leg descends forward and the stance leg kicks the ground alternately. For generating this motion, a phase oscillator is used as a controller for the hip joint (Equation 8). We used a heel load sensor, which reflects ground contact and load information during walking, and metatarsal and toe load sensors, for obtaining load information just before pushing-off the ground, as sensory information for the hip controllers. The feature of the Tegotae function of the hip joint is that we used the sensory information of not only the corresponding leg but also that of the other leg in designing the function. A mechanism called “Crossed Inhibitory Response,” which contributes to inter-limb coordination in bipedal walking, was reported in Stubbs and Mrachacz-Kersting (2009) and Gervasio et al. (2017). We also designed a Tegotae function using the load information of neighbouring legs in our hexapod model (Owaki et al., 2017). Based on the above considerations, we designed the Tegotae function of hips in Equation (9); when an action, e.g., −sinϕi > 0 for stance phase, and a reaction, e.g., [image: image] for heel feels load, are highly consistent, the Tegotae function of the hip shows high value. See more details for the other three cases in Table 1.


Table 1. Design for Tegotae function.

[image: Table 1]

The role of the knee joint during walking is important for stabilising the gait. During the stance phase, the knee joint stiffness is increased to support the body. In the swing phase, the knee joint stiffness must be dramatically reduced to realise efficient swinging of the swing leg. Therefore, the knee joint stiffness was adopted as a control variable. The sum of the heel, metatarsal, and toe loads at planter sensation was used as sensory information. The knee stiffness is switched ON and OFF to switch between the stance and swing phases. The conversion from the control variable to the joint stiffness was set up using the tanh and max function (Equation 11). As the dynamics of the control variable, a reflexive stiffness change based on non-periodic dynamics was modelled by the first order equation (Equation 12). The Tegotae function was designed as the product of the knee stiffness control variable and load on foot (heel, metatarsal, and toe). When the consistency between the action, e.g., χi > 0 for stiff knee, and reaction, e.g., [image: image] for foot heels load, is high, the Tegotae function of the knee joint also takes a high value. The details for the other case are shown in Table 1.

The important functions of the ankle joint for gait stabilisation are to “push-off” (Lipfert et al., 2014; Zelik and Adamczyk, 2016) in the late stance phase and to suppress stumbling of the toe during the swing phase. Therefore, the control variables were set to indicate the non-periodic degree of plantar flexion and dorsiflexion of the ankle joint using the first order equation of Equation (17). The target angle of the ankle joint was set using the tanh function for the control variables (Equation 16). The horizontal GRFs of the foot [image: image] were used as sensory information to generate propulsive force as the Tegotae function to express the push-off function in the first right-hand term of Equation (18). The Tegotae function for the dorsiflexion motion of the ankle joint during the swing phase was designed to adjust the degree of dorsiflexion according to the load of the foot of the other leg [image: image] (see the details in Table 1).

In this research, various Tegotae functions have been selected and verified by trial and error in the design process. The Tegotae function used in this study is one of the examples that realised stable and adaptive walking. We can easily imagine that an inappropriate Tegotae function clearly does not lead to gait stabilisation. For example, consider a Tegotae function at the hip joint, where f(x) = sinϕi > 0, meaning swing phase, and [image: image] (foot feels load). This Tegotae function does not lead to a stable walking because of the inconsistency between action f(x) and reaction g(S). Thus, the point of designing the Tegotae function is to consider the physical consistency of the action and reaction for the desired motion, and to design the Tegotae function so that its value becomes large in such cases. Once such a Tegotae function is designed, it is possible to modify the control variables in a situation-dependent manner by modifying the control variables by increasing the Tegotae function as a feedback term ∂T(x, S)/∂x. Thus, the Tegotae approach enables the design of an autonomous decentralised controller in a systematic manner, by designing Tegotae function in line with the desired motions.

For the results of environmental adaptability on uneven terrain, Model 3, which has hip, knee, and ankle control, showed higher adaptability in a wide range of omega from low speed to high speed. However, in high speed walking, such as ω = 4.5 rad/s, Model 2 and Model 3 showed almost the same adaptability on the uneven terrain. The difference between Model 2 and Model 3 is the presence or absence of the hip controller based on Tegotae. In other words, Model 2 is a non-periodic reflex-based walking model without feedback for hip CPG (only feedforward CPG), whereas Model 3 implements Tegotae-based feedback for periodic CPG. Thus, when ω is small, i.e., slow speed walking, Tegotae feedback on CPG contributes to the adaptability of walking, whereas when ω is large, i.e., fast speed walking, the presence or absence of feedback to CPG does not affect the adaptability of walking. Manoonpong et al. (2007) showed that a walking controller based on a reflex model could achieve stable and fast walking, suggesting that the role of reflex-based control becomes salient in high-speed walking motions because the response time of feedback to CPG is not fast enough for the modification of the rhythmic control signals. In our model, Tegotae-based feedback to CPG at the hip joint and Tegotae-based feedback to reflex-based control at the knee and ankle joints were implemented. Therefore, the role of the feedback in the periodic and non-periodic controllers may have resulted in a high degree of adaptability to a wide range of ω. As shown in Figure 9B, Model 3 with PC shows high environmental adaptability to a wide range of ω.

In this study, we used plantar sensation (i.e., GRFs) as sensory information for feedback to CPG-based controllers. Past studies with humans and animals have shown that cutaneous receptors in the foot play an essential role in the control of gait (Dietz and Duysens, 2000; Duysens et al., 2000) and posture (Magnusson et al., 1990; Kavounoudias et al., 1998). For example, the reported effects of reducing plantar sensation by implementing an ice immersion technique (Nurse and Nigg, 2001; Eils et al., 2002; Elis et al., 2004) suggest that plantar sensation plays a critical role in gait modification. Similarly, various researchers have reported on the effects of impaired plantar sensation on gait plasticity due to ageing (Sorock and Labiner, 1992), diseases, such as diabetes mellitus (Cavanagh et al., 1993), or congenital insensitivity to pain with anhidrosis (Zhang et al., 2013; Yozu et al., 2016). Decreased tactile sensation, with ageing-related impaired sensory function in limbs, has been reported to lead to elderly falling accidents (Sorock and Labiner, 1992). Additionally, patients with diabetic neuropathy, which is commonly associated with damage to nerves in the feet, have been reported to have significantly impaired control of gait and posture (Cavanagh et al., 1993). Thus, our results, which demonstrate that implementing a plantar sensory feedback mechanism in a systematic control scheme improved adaptability and walking stability, are consistent with the findings of previous human and animal studies on the influence of plantar sensation on gait and postural control.

The realisation of adaptive bipedal walking is known to be dependent on the generation of a limit cycle in the state space, which comprises a brain-nervous system (i.e., the control system), musculoskeletal system (i.e., the mechanical system), and environment (Taga et al., 1991; Taga, 1994, 1995). For robots, the structural stability provided by a limit cycle affords robustness against environmental perturbations. However, design principles that can be applied to concretely establish a limit cycle with a large basin of attraction have yet to be conceptualised. One significant reason for this is that not enough sensory information is fed back to the control system in a limit cycle. Thus, sensory-motor coordination, which refers to the condition that movement induces sensory stimulation, which in turn influences the movement, must be considered to generate a more stable limit cycle (Pfeifer and Bongard, 2006; Pfeifer et al., 2007). Considering this, we must focus on the deformability of the underlying soft body of a robot. A soft body allows a robot to stabilise its motion as it extracts various types of sensory information; this is possible because it is flexible enough to deform to maintain stability during movement, resulting in a close relationship between motion and perception. Human soles are considered to be relatively soft. As a human walks, their relatively soft feet come into direct contact with the environment; the deformability of the feet, i.e., the softness of the sole and mobility of the joints of the feet, allows them to conform to the ground surface, enabling the extraction of diverse sensory information. Thus, the soft deformability of the foot of our bipedal walking model is also believed to have contributed to the high adaptability and stability observed in our results.

It should be noted that the phase-modulation mechanism underlying the proposed model is significantly different from that of any previous model, e.g., the previously reported phase-reset scheme (Tsujita et al., 2003; Aoi and Tsuchiya, 2005, 2006; Aoi et al., 2010). The phase-reset scheme, which entails resetting the phase of the oscillator to zero once the foot makes contact with the ground, only utilises qualitative information about the status of contact between the foot and ground (i.e., on or off). In contrast, our design methodology uses quantitative information that describes the extent to which each foot “feels” the GRF, representing the sensory information resulting from the deformation of soft feet. This was possible because highly adaptive behaviours emerge in response to environmental changes, and we were able to exploit these behaviours in our proposed design. Nevertheless, this study has several limitations. First, we only modelled a two-dimensional walking robot in the sagittal plane. This is because we wanted to focus on evaluating and validating our control scheme. Secondly, we utilised actuators, i.e., PD-based servo motors, as the model for each joint. Humans have antagonistic muscles that generate joint torques that allow us to exploit mono-articular and biarticular muscles for motion generation. This difference will be the focus of future work as we plan to design a more complex model. Lastly, the proposed model needs to be validated by performing real-world experiments; this is also a focus of future studies.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

DO, JN, and AI conceived the research idea and performed data collection. SH designed the model and controllers and conducted the simulations. SH and DO conducted the analysis. All authors participated equally in the preparation of this manuscript.



FUNDING

We acknowledge the support of JSPS KAKENHI (grant number JP18H03167 and JP20H04260), and CREST, JST (grant number JP-MJCR14D5).



ACKNOWLEDGMENTS

The authors would like to thank Dr. Y. Sekiguchi and Dr. K. Honda (Tohoku University Hospital) for their assistance in human data collection on the Supplementary Materials. A part (Figures 1A, 3–5) of this manuscript has been presented at the Living Machines 2016 (Owaki et al., 2016).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnbot.2021.629595/full#supplementary-material



REFERENCES

 Aoi, S., Ogihara, N., Funato, T., Sugimoto, Y., and Tsuchiya, K. (2010). Evaluating functional roles of phase resetting in generation of adaptive human bipedal walking with a physiologically based model of the spinal pattern generator. Biol. Cybern. 102, 373–387. doi: 10.1007/s00422-010-0373-y

 Aoi, S., and Tsuchiya, K. (2005). Locomotion control of a biped robot using nonlinear oscillators. Auton. Robots 19, 219–232. doi: 10.1007/s10514-005-4051-1

 Aoi, S., and Tsuchiya, K. (2006). Stability analysis of a simple walking model driven by an oscillator with a phase reset using sensory feedback. IEEE Trans. Robot. 22, 391–397. doi: 10.1109/TRO.2006.870671

 Buchli, J., Iida, F., and Ijspeert, A. J. (2006). Finding resonance: adaptive frequency oscillators for dynamic legged locomotion. Proc. IROS 2006, 3903–3909. doi: 10.1109/IROS.2006.281802

 Cavanagh, P. R., Simoneau, G. G., and Ulbrecht, J. S. (1993). Ulceration, unsteadiness, and uncertainty: the biomechanical consequences of diabetes mellitus. J. Biomech. 26, 23–40. doi: 10.1016/0021-9290(93)90077-R

 Dietz, V., and Duysens, J. (2000). Significance of load receptor input during locomotion: a review. Gait Post. 11, 102–110. doi: 10.1016/S0966-6362(99)00052-1

 Duysens, J., Clarac, F., and Cruse, H. (2000). Load-regulating mechanisms in gait and posture: comparative aspects. Physiol. Rev. 80, 83–133. doi: 10.1152/physrev.2000.80.1.83

 Eils, E., Nolte, S., Tewes, M., Thorwesten, L., Valker, K., and Rosenbaum, D. (2002). Modified pressure distribution patterns in walking following reduction of plantar sensation. J. Biomech. 35, 1307–1313. doi: 10.1016/S0021-9290(02)00168-9

 Elis, E., Behrens, S., Mers, O., Thorwesten, L., Valker, K., and Rosenbaum, D. (2004). Reduced plantar sensation causes a cautious walking pattern. Gait Post. 20, 54–60. doi: 10.1016/S0966-6362(03)00095-X

 Fukuoka, Y., Habu, Y., and Fukui, T. (2015). A simple rule for quadrupedal gait generation determined by leg loading feedback: a modeling study. Sci. Rep. 5:8169. doi: 10.1038/srep08169

 Fukuoka, Y., Kimura, H., and Cohen, A. H. (2003). Adaptive dynamic walking of a quadruped robot on irregular terrain based on biological concepts. Int. J. Robotics Res. 22, 187–202. doi: 10.1177/0278364903022003004

 Gervasio, S., Voigt, M., Kersting, U., Farina, D., Sinkjær, T., and Mrachacz-Kersting, N. (2017). Sensory feedback in interlimb coordination: contralateral afferent contribution to the short-latency crossed response during human walking. PLoS ONE 12:e0168557. doi: 10.1371/journal.pone.0168557

 Grillner, S. (1975). Locomotion in vertebrates: central mechanisms and reflex interaction. Physiol. Rev. 55, 247–304. doi: 10.1152/physrev.1975.55.2.247

 Grillner, S. (1985). Neurobiological bases of rhythmic motor acts in vertebrates. Science 228, 143–149. doi: 10.1126/science.3975635

 Hirai, K., Hirose, M., Haikawa, Y., and Takenaka, T. (1998). The development of honda humanoid robot. Proc. ICRA 1998, 1321–1326. doi: 10.1109/ROBOT.1998.677288

 Hirose, M., and Ogawa, K. (2007). Honda humanoid robots development. Philos. Trans. R. Soc. A 365, 11–19. doi: 10.1098/rsta.2006.1917

 Hirukawa, H., Kaneko, F., Kaneko, K., Kajita, S., Fujiwara, K., Kawai, Y., et al. (2004). Humanoid robotics platforms developed in hrp. Robot. Auton. Syst. 48, 165–175. doi: 10.1016/j.robot.2004.07.007

 Ijspeert, A. J. (2008). Central pattern generators for locomotion control in animals and robots: a review. Neural Netw. 21, 642–653. doi: 10.1016/j.neunet.2008.03.014

 Kaneko, K., Kanehiro, F., Kajita, S., Hirukawa, H., Kawasaki, T., Hirata, M., et al. (2004). Humanoid robot hrp-2. Proc. ICRA 2004, 1083–1090. doi: 10.1109/ROBOT.2004.1307969

 Kano, T., Wakimoto, R., Sato, M., Shinohara, A., and Ishiguro, A. (2019). Designing higher fourier harmonics of tegotae function using genetic algorithm–a case study with an earthworm locomotion. Bioinspir. Biomim. 14:05400. doi: 10.1088/1748-3190/ab2fab

 Kano, T., Yoshizawa, R., and Ishiguro, A. (2018). Tegotae-based decentralised control scheme for autonomous gait transition of snake-like robots. Bioinspir. Biomim. 12:046009. doi: 10.1088/1748-3190/aa7725

 Kavounoudias, A., Roll, R., and Roll, J.-P. (1998). The plantar sole is a “dynamometric map” for human balance control. Neuroreport 9, 3247–3252. doi: 10.1097/00001756-199810050-00021

 Kimura, H., Akiyama, S., and Sakurama, K. (1999). Realization of dynamic walking and running of the quadruped using neural oscillator. Auton. Robots 7, 247–258. doi: 10.1023/A:1008924521542

 Kimura, H., Fukuoka, Y., and Cohen, A. H. (2007). Biologically inspired adaptive walking of a quadruped robot. Philos. Trans. R. Soc. A 365, 153–170. doi: 10.1098/rsta.2006.1919

 Lipfert, S. W., G'́unther, M., Renjewski, D., and Seyfarth, A. (2014). Impulsive ankle push-off powers leg swing in human walking. J. Exp. Biol. 217, 1218–1228. doi: 10.1242/jeb.097345

 Magnusson, M., Enbom, H., Johansson, R., and Pyykk'́o, I. (1990). Significance of pressor input from the human feet in anterior- posterior postural control: the effect of hypothermia on vibration-induced body-sway. Acta Otolaryngol. 110, 182–188. doi: 10.3109/00016489009122535

 Manoonpong, P., Geng, T., Kulvicius, T., Porr, B., and W'́orgotter, F. (2007). Adaptive, fast walking in a biped robot under neuronal control and learning. PLoS Comput. Biol. 3:e134. doi: 10.1371/journal.pcbi.0030134

 Maufroy, C., Kimura, H., and Takase, K. (2010). Integration of posture and rhythmic motion controls in quadrupedal dynamic walking using phase modulations based on leg loading/unloading. Auton. Robot 28, 331–353. doi: 10.1007/s10514-009-9172-5

 McCrea, D., and Rybak, I. (2008). Organization of mammalian locomotor rhythm and pattern generation. Brain Res. Rev. 57, 134–146. doi: 10.1016/j.brainresrev.2007.08.006

 Morimoto, J., Endo, G., Nakanishi, J., Hyon, S., Cheng, G., Bentivegna, D., et al. (2006). Modulation of simple sinusoidal patterns by a coupled oscillator model for biped walking. Proc. ICRA 2006, 1579–1584. doi: 10.1109/ROBOT.2006.1641932

 Nassour, J., Hénaff, P., Benouezdou, F., and Cheng, G. (2014). Multi-layered multi-pattern CPG for adaptive locomotion of humanoid robots. Biol. Cybern. 108, 291–303. doi: 10.1007/s00422-014-0592-8

 Nurse, M. A., and Nigg, B. M. (1999). Quantifying a relationship between tactile and vibration sensitivity of the human foot with plantar pressure distribution during gait. Clin. Biomech. 14, 667–672. doi: 10.1016/S0268-0033(99)00020-0

 Nurse, M. A., and Nigg, B. M. (2001). The effect of changes in foot sensation on plantar pressure and muscle activity. Clin. Biomech. 16, 719–727. doi: 10.1016/S0268-0033(01)00090-0

 Ogihara, N., and Yamazaki, N. (2001). Generation of human bipedal locomotion by a bio-mimetic neuro-musculo-skeletal model. Biol. Cybern. 84, 1–11. doi: 10.1007/PL00007977

 Owaki, D., Goda, M., Miyazawa, S., and Ishiguro, A. (2017). A minimal model describing hexapedal interlimb coordination: the Tegotae-based approach. Front. Neurorobot. 11:29. doi: 10.3389/fnbot.2017.00029

 Owaki, D., Horikiri, S., Nishii, J., and Ishiguro, A. (2016). “Tegotae-based control of bipedal walking,” in Proc. of The 5th International Conference on Biomimetic and Biohybrid Systems (Living Machines 2016) (Edinburgh), 472–479. doi: 10.1007/978-3-319-42417-0_49

 Owaki, D., and Ishiguro, A. (2017). A quadruped robot exhibiting spontaneous gait transitions from walking to trotting to galloping. Sci. Rep. 7, 291–303. doi: 10.1038/s41598-017-00348-9

 Perry, J., and Burnfield, J. (2010). Gait Analysis: Normal and Pathological Function, 2nd Edn. Slack Inc.

 Pfeifer, R., and Bongard, J. (2006). How the Body Shapes the Way We Think: A New View of Intelligence. Cambridge, MA: The MIT Press. doi: 10.7551/mitpress/3585.001.0001

 Pfeifer, R., Lungarella, M., and Iida, F. (2007). Self-organization,embodiment, and biologically inspired robotics. Science 318, 1088–1093. doi: 10.1126/science.1145803

 Righetti, L., and Ijspeert, A. J. (2008). Pattern generators with sensory feedback for the control of quadruped locomotion. Proc. ICRA 2008, 819–824. doi: 10.1109/ROBOT.2008.4543306

 Rybak, I., Shevtsova, N., Lafreniere-Roula, M., and McCrea, D. (2006). Modelling spinal circuitry involved in locomotor pattern generation: insights from deletions during fictive locomotion. J. Physiol. 577, 617–639. doi: 10.1113/jphysiol.2006.118703

 Sakagami, Y., Watanabe, R., Aoyama, C., Matsunaga, S., Higaki, N., and Fujimura, K. (2002). The intelligent ASIMO: system overview and integration. Proc. IROS 2002, 2478–2483. doi: 10.1109/IRDS.2002.1041641

 Schomburg, E., Petersen, N., Barajon, I., and Hultborn, H. (1998). Flexor reflex afferents reset the step cycle during fictive locomotion in the cat. Exp. Brain Res. 122, 339–350. doi: 10.1007/s002210050522

 Shik, M. L., Severin, F. V., and Orlovskii, G. N. (1966). Control of walking and running by means of electrical stimulation of the mesencephalon. Electroencephalogr. Clin. Neurophysiol. 26:549.

 Sorock, G. S., and Labiner, D. M. (1992). Peripheral neuromuscular dysfunction and falls in an elderly cohort. Am. J. Epidemiol. 136, 584–591. doi: 10.1093/oxfordjournals.aje.a116536

 Stubbs, P. W., and Mrachacz-Kersting, N. (2009). Short-latency crossed inhibitory responses in the human soleus muscle. J. Neurophysiol. 102, 3596–3605. doi: 10.1152/jn.00667.2009

 Taga, G. (1994). Emergence of bipedal locomotion through entrainment among the neuro-musculo-skeletal system and the environment. Phys. D Nonlinear Phenomena 75, 190–208. doi: 10.1016/0167-2789(94)90283-6

 Taga, G. (1995). A model of the neuro-musculo-skeletal system for human locomotion - II. Real-time adaptability under various constraints. Biol. Cybern. 73, 97–11. doi: 10.1007/BF00204048

 Taga, G., Yamaguchi, Y., and Shimizu, H. (1991). Self-organized control of bipedal locomotion by neural oscillators. Biol. Cybern. 65, 147–159. doi: 10.1007/BF00198086

 Tsujita, K., Tsuchiya, K., and Onat, A. (2003). Decentralized autonomous control of a quadrupedal locomotion robot using oscillators. Artif. Life Robot. 5, 152–158. doi: 10.1007/BF02481462

 Yozu, A., Haga, N., Funato, T., Owaki, D., Chiba, R., and Ota, J. (2016). Hereditary sensory and autonomic neuropathy types 4 and 5: review and proposal of a new rehabilitation method. Neurosci. Res. 104, 105–111. doi: 10.1016/j.neures.2015.10.011

 Zelik, K. E., and Adamczyk, P. G. (2016). A unified perspective on ankle push-off in human walking. J. Exp. Biol. 219, 3676–3683. doi: 10.1242/jeb.140376

 Zhang, Y., Ogata, N., Yozu, A., and Haga, N. (2013). Two-dimensional video gait analyses in patients with congenital insensitivity to pain. Dev. Neurorehabil. 16, 266–270. doi: 10.3109/17518423.2012.760117

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Owaki, Horikiri, Nishii and Ishiguro. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/inline_3.gif





OPS/images/inline_29.gif
Binee





OPS/images/inline_31.gif





OPS/images/inline_30.gif





OPS/images/inline_26.gif
N+

MR
A
i





OPS/images/inline_25.gif
Ny >0





OPS/images/inline_28.gif
Y
N
ey =0





OPS/images/inline_27.gif
Y
N
ey =0







OPS/images/inline_23.gif
Ny (sin ¢





OPS/images/math_7.gif






OPS/images/inline_22.gif
Zeng) 0
4=

&) =rcos

in

a(sa@





OPS/images/math_8.gif
®)






OPS/images/inline_24.gif
Ny >0





OPS/images/math_6.gif
Nx,$)
o

()





OPS/images/math_9.gif
in¢i) + (N, ; + N;j)sin i)}
+0pip2 (N (sin i) + (NY, .+ N¥)(— sin ), (9)






OPS/images/inline_2.gif





OPS/images/inline_19.gif
Ny >0





OPS/images/inline_21.gif
Y
N
ey =0





OPS/images/inline_20.gif
N+

MR
A
i





OPS/images/inline_16.gif
it





OPS/images/inline_18.gif
Ny (sin ¢





OPS/images/inline_17.gif
Y,

MEd

N
>0





OPS/images/inline_13.gif
Y,

MEd

N
>0





OPS/images/inline_12.gif
Y,

MEd

N
>0





OPS/images/inline_15.gif
Ny =0





OPS/images/inline_14.gif
MY, (—sin 4)





OPS/images/math_13.gif
(13)






OPS/images/math_12.gif
=, 12)

a
Chnee i +






OPS/images/math_15.gif
Npo+
Ny
i+ N
(15)





OPS/images/math_14.gif
N+ N}
NY.+
N
o
(14)





OPS/images/math_11.gif
(11)





OPS/images/math_10.gif





OPS/images/inline_1.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Tegotae-Based Control Produces Adaptive Inter- and Intra-limb Coordination in Bipedal Walking



		1. Introduction



		2. Bipedal Walking Model



		2.1. Musculoskeletal Structure



		2.2. Implementation of Tegotae Approach in a Systematic CPG-Based Control Scheme



		2.2.1. Tegotae Functions



		2.2.2. Tegotae-Based Control









		2.3. Design of Joint Controllers



		2.3.1. Hip Control



		2.3.2. Knee Control



		2.3.3. Ankle Control



		2.3.4. Postural Control for the Trunk













		3. Simulation Results



		3.1. Steady Walking



		3.2. Adaptability to Uneven Terrain



		3.3. Effects of Postural Control



		3.4. Effect of Control Parameters on Walking



		3.5. Stability Analysis







		4. Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/fnbot-15-629595-t001.jpg
Joint

Hip

Knee

Ankle

State

Stance phase

Swing phase

Siff
Soft
Plantarflexion
Dorsiflexion

Action f(x)

—sings >0
—sing; >0
sings >0
sing; > 0
%>0
-xi>0
V>0
4 >0

Reaction g(S)

N, >0
Ny +Njj >0
N, +NY > 0

NY;>0

N >0

N/ >0

N >0

N =0

T(x,S)

(—sing)Ny;

(= singi)Niy, +NY)
singy(Ny, +NY)
singiNy;

XN/
(XN
N
(G208





OPS/images/inline_11.gif
it





OPS/images/inline_10.gif
Ny =0





OPS/images/math_17.gif
a7






OPS/images/math_16.gif





OPS/images/fnbot-15-629595-g011.gif
| e

| wneven ot texain
o

¥
o3 1
i
2 &
) Tk e
I
g, |
¥
% ‘
i e I wneventemain g e






OPS/images/math_19.gif
£
N+ NI 4N, (19)





OPS/images/fnbot-15-629595-g010.gif
{
;
H
i
;
i






OPS/images/math_18.gif
—yi),  (18)





OPS/images/crossmark.jpg
©

2

i

|





OPS/images/fnbot-15-629595-g005.gif





OPS/images/inline_72.gif
Ny =0





OPS/images/fnbot-15-629595-g006.gif





OPS/images/inline_71.gif
£






OPS/images/fnbot-15-629595-g003.gif
16 (V) i) 9(N)

=singi >0 s ‘ sing; >0 ‘ {/ ’
5 ,vi R
singi > sing, >0

il

VAl

LSeah






OPS/images/inline_74.gif





OPS/images/fnbot-15-629595-g004.gif





OPS/images/inline_73.gif
N
>0





OPS/images/fnbot-15-629595-g009.gif
Model |
T Modet2

Mode3

5

B

Success ratc over 100 temain patterns (%)

5

PR N

Omeg
wan =3

' ‘u

‘Sucesssrate over 100 tersin paterns (%]





OPS/images/fnbot-15-629595-g007.gif





OPS/images/inline_70.gif
Bt





OPS/images/fnbot-15-629595-g008.gif





OPS/images/math_1.gif





OPS/images/fnbot-15-629595-g001.gif
oG, [rr—

o commia] | 70 st —L






OPS/images/inline_76.gif
gS)=MN >0





OPS/images/fnbot-15-629595-g002.gif
PEP: ~Ciis + Caniy.

Z i
AEP: Cui+ Canip
(Anteror Extreme Position) N J X






OPS/images/inline_75.gif





OPS/images/inline_9.gif
Ny =0





OPS/images/inline_8.gif
MY, (—sin 4)





OPS/images/math_2.gif





OPS/images/math_20.gif
) (20)
Ny i+ Ny + N (2





OPS/images/math_23.gif
—Cankie Wi + Oankie1 (Njy; + Npm + Ni3)
— GanktenONY; + N+ NJ), (23)






OPS/images/math_24.gif
Kyt Bprt — Bz) — Dy 26,0 (24)






OPS/images/math_21.gif
$i = © + onip1 (—Ny; + N + N, cos i
+ oY, — N — N cos g, @)






OPS/images/math_22.gif
—ChneeXi + Okneet (N + Nopj + N
GtV N N, @)






OPS/images/math_4.gif
Tirunk = — Kerunt{Otrunt — Orunt ) — DervoniBrumks (4)





OPS/images/math_5.gif





OPS/images/math_25.gif
(25)





OPS/images/math_3.gif





OPS/images/inline_62.gif
B






OPS/images/inline_61.gif
N
>0





OPS/images/inline_64.gif
s, Bartes





OPS/images/inline_63.gif
Bt





OPS/images/inline_7.gif





OPS/images/inline_69.gif
EI—





OPS/images/inline_66.gif
Bt





OPS/images/inline_65.gif





OPS/images/inline_68.gif
£






OPS/images/inline_67.gif
Bt





OPS/images/logo.jpg
’ frontiers
in Neurorobotics





OPS/images/inline_52.gif





OPS/images/inline_54.gif
Ny,





OPS/images/inline_53.gif





OPS/images/inline_6.gif





OPS/images/inline_59.gif
Bt





OPS/images/inline_60.gif





OPS/images/inline_56.gif
N (—y)





OPS/images/inline_55.gif
NE
>0





OPS/images/inline_58.gif





OPS/images/inline_57.gif
N
>0





OPS/images/inline_44.gif





OPS/images/inline_43.gif
N
>0





OPS/images/inline_5.gif





OPS/images/inline_49.gif
N (—y)





OPS/images/inline_51.gif
N
>0





OPS/images/inline_50.gif
N
>0





OPS/images/inline_46.gif
Ny,





OPS/images/inline_45.gif





OPS/images/inline_48.gif
NE
>0





OPS/images/inline_47.gif
NE
>0





OPS/images/inline_42.gif
N (-2)





OPS/images/inline_34.gif
N
>0





OPS/images/inline_4.gif





OPS/images/cover.jpg
’ frontiers .
in Neurorobotics

Tegotae-Based Control Produces
Adaptive Inter- and Intra-limb
Coordination in Bipedal Walking





OPS/images/inline_39.gif





OPS/images/inline_41.gif
N
>0





OPS/images/inline_40.gif
N
FA





OPS/images/inline_36.gif
N
>0





OPS/images/inline_35.gif
N (-2)





OPS/images/inline_38.gif





OPS/images/inline_37.gif
N
>0





OPS/images/inline_33.gif
N
>0





OPS/images/inline_32.gif
N
FA





